INTRODUCTION
Limited forms of granulomatosis with polyangiitis (GPA) are challenging to diagnose. The antineutrophil cytoplasmic antibody test is often negative in patients with limited disease. [1] Biopsy of sites such as nasal mucosa, sinus, orbit, or subglottis often fails to produce definitive diagnostic information. [1] [2] [3] [4] [5] Thus, in theory many patients might have a limited form of GPA that cannot be confidently diagnosed unless the inflammation extends to additional sites.
Orbital inflammation is a challenging cause of vision loss, pain, diplopia, and even blindness. The differential diagnosis is extensive and includes GPA, thyroid eye disease (TED), sarcoidosis, lymphoma, metastatic disease, histiocytosis, xanthogranuloma, and infection. [6] Many patients with orbital inflammation have a disease that defies categorization despite biopsy. Terms to describe this latter condition include orbital pseudotumor, idiopathic orbital inflammatory disease, and nonspecific orbital inflammation (NSOI). [7] [8] [9] [10] [11] [12] [13] Transcriptomics or gene expression profiling is rapidly changing the diagnostic approach to several malignant diseases. For example, lymphomas which cannot be distinguished on the basis of histology can be differentiated on the basis of gene expression. [14] [15] [16] In order to elucidate the pathogenesis of GPA in relation to other forms of orbital inflammation, we assembled an international consortium of ocular pathologists and orbital surgeons to collect and analyze tissues from orbital biopsies. Our data show that GPA, sarcoidosis, TED, and healthy tissue each display a distinctive pattern of gene expression. The pattern from NSOI indicates more heterogeneity, but many tissues from NSOI cannot be distinguished from GPA on the basis of gene expression.
MATERIALS AND METHODS

Centers, Biopsies, Database
This study was approved by Institutional Review Boards or Research Ethics Committees from Oregon Health & Science University, Columbia University, University of California San Diego, Wake Forest University, Medical College of Wisconsin, Mount Carmel Health System (Ohio), University of Miami, University of British Columbia, Royal Adelaide Hospital, and the King Khaled Eye Specialist Hospital. Informed consent was obtained where required by the local review board. The research adhered to the tenets of the Declaration of Helsinki. Formalin-fixed, paraffin-embedded (FFPE) samples and relevant demographic and clinical data were obtained from the participating institutions. The diagnoses of NSOI, sarcoidosis, GPA, TED, and normal were based on the clinical and histopathological information submitted by physicians from their respective institutions.
Biopsies of the orbital adipose tissue from a total of 83 subjects were studied. The age, gender, and diagnoses for subjects are summarized in Table 1 . Among the 6 subjects with a diagnosis of GPA, the antineutrophil cytoplasmic antibody (ANCA) test was positive in four of five and unknown in one. Of those with a positive test, 3 had a cytoplasmic ANCA pattern. The subject with a negative ANCA had pulmonary disease in addition to the orbital disease. One other subject with GPA had renal disease, but the others had a limited form of GPA. Among the 7 subjects diagnosed with sarcoidosis, all had noncaseating granulomata present on the orbital adipose biopsy. Adenopathy was present on chest CT scan in three for whom the test was reported. In a fourth patient, granulomas were found in a confirmatory lip biopsy. In another subject, the serum angiotensin converting enzyme level was elevated, but a chest CT scan was not obtained. In 2 subjects, a clinical diagnosis of sarcoidosis was made but the details of the diagnostic work up were not available. ANCA results were available for 12 of the subjects diagnosed with NSOI. All 12 were negative. The control tissue was obtained during surgeries, such as blepharoplasty and enucleation on patients with noninflamed orbits.
Pathology Review
Two ocular pathologists (D.J.W. and H.E.G.) independently evaluated hematoxylin and eosin stained slides of all samples without reference to the indications for biopsy or other clinical information. After rendering a diagnosis in a masked fashion, the pathologists were informed of the diagnosis from the institution where tissue had been obtained. In some cases, additional stains were requested or additional clinical information was reviewed. A few cases with an ambiguous diagnosis were excluded. In all cases included in this study, a consensus diagnosis was determined by Drs. Wilson and Rosenbaum, and the contributing center's diagnosis was accepted. Thus, a diagnosis which combined clinical and histopathological information was considered the gold standard for the purposes of this study.
Tissue Preparation and Gene Expression Profiling
RNA extraction and microarray assays were performed in the OHSU Gene Profiling Shared Resource. The tissue samples, designated as set 1 (discovery set) and set 2 (validation set), were processed at two different time points. Between the two sample sets, the RNA amplification and labeling kit was modified by the vendor (Affymetrix P/N 703088 Rev1 vs P/N 703088 Rev 3). For each specimen, multiple 10-20 μm sections were collected, and total RNA was extracted with the miRNeasy FFPE kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. RNA was amplified and labeled with SensationPlus FFPE Amplification and 3' IVT Labeling kits (Affymetrix, Santa Clara, CA) for microarray analysis. For the majority of samples, an input of 50 ng of RNA was used, and a minimum input of 20 ng RNA was used for samples with limited RNA recoveries. Biotin-labeled cDNA targets were hybridized with a GeneChip Human Genome U133 Plus 2.0 array (Affymetrix, Santa Clara, CA), processed, and scanned according to vendor recommendations. The Human U133 Plus 2.0 array contains over 54,000 probe sets for 47,000 human transcripts and variants. Affymetrix GeneChip Command Console (AGCC) v. 3.1.1 and Affymetrix Expression Console v. 1.1 software were used for image processing and expression analysis for initial quality control, respectively. Raw and normalized gene expression microarray data are available from the GEO database (accession numbers GSE58331 and GSM1407182 through GSM1407356).
RNA quality
RNA extracted from FFPE specimens was highly fragmented as is typical of this sample type. The RNA Quality Scores (RQS) from Caliper LabChip GX (Perkin-Elmer, Waltham, MA) HT RNA assays ranged from 1.8 to 6.5 with an average of 3.0 for Set 1 samples and from 1.7 to 7.4 with an average of 2.7 for Set 2. In both sample groups the majority of the samples had an RQS between 2 and 3 with RNA fragment sizes distributed between 25 and approximately 500 bases.
Statistical Analysis
The two sets of array data were analyzed independently because samples were processed at two different time points and the amplification and labelling kit had changed. Affymetrix CEL files were normalized by the Robust Multiarray Analysis. [17] Principal coordinate analysis (PCA) was used to visualize the dissimilarity in gene expression profiles across the disease groups. [18] Linear models were fitted to test potential differences in gene expression across disease groups after controlling for sex and age at biopsy. A probe set was considered statistically significantly changed when it had at least 1.5-fold change with a false discovery rate (FDR) adjusted p-value [19] less than 0.05 in both sets. All computations were done with the R project [20] and its add-on packages: "affy", "limma", and "MASS".
The Gene Set Enrichment Analysis (GSEA) program [21, 22] was used as an independent means to identify genes with enriched expression in the clusters for microarray set 2 described above. GSEA rank order analysis was based on the 40,450 probe sets that remained after excluding probe sets that had not been associated in the Affymetrix annotation with a specific gene, i.e., annotated as unknown locus, open reading frame, etc. For genes with transcripts detected by more than one probe set, the probe set with the highest signal was used for the analysis. In addition, NIH DAVID [23] was used to estimate the number of unique genes in lists of probe sets.
RESULTS
We collected FFPE orbital adipose biopsies from 83 subjects from ten centers from North America, Saudi Arabia, and Australia ( Table 1) . As described in the methods section, set 1 and set 2 were processed and hybridized to arrays at two different times (about 1 year apart). Therefore, we analyzed the sets independently to minimize the influence of batch variation. The two sets are also called a discovery set and a validation set, respectively, for convenience throughout the manuscript.
To visualize NSOI heterogeneity in gene expression profiles and to compare these profiles to those of other orbital inflammatory diseases, we employed a principal coordinate analysis (PCA) that allows a comparison of complex data sets. In a PCA, the relative similarity of RNA patterns of two samples is indicated by their proximity on a graph. PCA plots based on all probe sets that showed a significant difference (FDR p<0.05 and 1.5-fold difference) between at least one disease group and the normal control group are shown in Figure 1 for both data sets. Supplemental videos show these data in 3 dimensions (see Set1_PCA and Set2_PCA). The clustering of samples representing normal tissue indicates the relative similarity of the RNA patterns in the biopsies. The samples from subjects with TED are relatively homogeneous and have the closest proximity to normal samples among the four disease groups. The gene expression profiles from subjects with either sarcoidosis or GPA also tend to cluster. The gene expression profile for patients with NSOI shows more heterogeneity than the other four categories, consistent with the hypothesis that NSOI is not a single disease entity.
The GSEA program [21, 22] was used to interrogate the gene expression patterns further. GSEA provided a means to identify expression differences in predetermined sets of genes without reliance on the FDR p-values and fold-differences used to select the probe sets employed in the creation of the PCA plots. A GSEA-generated heat map ( Figure 2 ) shows cytokine expression profiles for orbital adipose tissues from each experimental group. Consistent with the PCA plots, a subset of the NSOI profiles are very similar to the GPA profile.
Disease duration might markedly affect gene expression. We divided NSOI tissues from each set into samples biopsied less than 6 months after diagnosis or greater than 18 months after diagnosis, and we were unable to identify differences based on this variable. Similarly we hypothesized that corticosteroid use would markedly affect the detection of transcripts, but we could not identify differences in gene expression based on use of corticosteroid at the time of biopsy. Table 2 and Supplemental Table 1 (see Supplementary Data file) contain data on specific gene expression in tissue from subjects with GPA based on both the validation and discovery sets. They show 285 probe sets (for about 212 genes) with signals that were at least 1.5-fold higher, with FDR adjusted p<0.05, in tissue from the orbital fat compared to tissue from orbital adipose tissue from subjects with no known orbital disease in both sets. Most of the transcripts with the highest fold increases in expression have immunological functions including the production of antibodies and cell signaling. Table 3 and  Supplemental Table 2 (see Supplementary Data file) show a similar analysis except that the supplemental table lists 1,472 probe sets (about 1,054 genes) in common to both discovery and validation sets with lower signals in GPA in the orbit compared to uninflamed controls.
The expression profiles of orbital adipose tissues from the two granulomatous diseases, GPA and sarcoidosis, were also compared. Based on the same threshold of a least a 1.5-fold difference with FDR adjusted p <0.05 in both sets, we noted 54 probe sets (about 42 genes) with higher signals in GPA (Supplemental Table 3 , see Supplementary Data file) and 237 probe sets (about 200 genes) with lower signals in GPA (Supplemental Table 4 , see Supplementary Data file). The GPA-rich group has several cytokines expressed at relatively high levels, while the sarcoidosis group has a smaller, mostly different set of cytokine and cytokine receptor genes expressed at higher levels.
Additionally, we used Venn diagrams to depict the similarity or distinctiveness of gene expression in GPA in comparison with gene expression in healthy controls or other orbital diseases (Figure 3) . Although individual patients with NSOI clearly differed from GPA, as a group, there were no probe sets that were consistently, significantly different between GPA and NSOI.
Although no prior study has analyzed gene expression in orbital tissue from patients with GPA, we were able to compare our results to publications on either leukocytes or nasal brushings. One group has analyzed gene expression in GPA based on isolated leukocytes. [24, 25] Seven of the probe sets that we find upregulated in orbital adipose tissue from patients with GPA relative to controls were also upregulated in leukocytes from patients with GPA. These 7 mRNAs are matrix metalloproteinase 9 (MMP9), interleukin-7 receptor (IL-7R), CD64, interleukin-1 receptor antagonist (IL-1RN), T cell receptor 1 β (TCR 1β), solute carrier protein 11A1 (SLC11A1) (also known as natural resistance associated macrophage protein-1), and Toll like receptor 2 (TLR2). In addition we noted 21 probe sets that were down regulated in both our orbital tissue specimens and the leukocytes from patients with GPA (Supplemental Table 5 , see Supplementary Data file 3).
A recent report on 10 subjects with active GPA characterized gene expression in cells obtained by brushing of nasal mucosa [26] . Although this study examined a different tissue and analyzed tissue obtained by brushing rather than biopsy [26] , the two analyses again offer several concordant results. Both studies implicated contributors to innate immunity including SLC11, TLR2, and TLR8. Both SLC11 and TLR2 have now been implicated in leukocytes (24, 25) , nasal mucosa [26] , and orbit in the pathogenesis of GPA. The nasal study found up regulation of TREM1 (triggering receptor expressed on myeloid cells) and up regulation of interleukin-1 beta and the type II IL-1 receptor, whereas our study on orbital tissue implicated TREML2 (TREM like molecule 2) and the interleukin-1 receptor antagonist. Both studies discovered an up regulation of SERPINA1 (also known as alpha 1 anti-trypsin). The nasal study found many transcripts to be down regulated but included only ten in its publication [26] . One of these, SPARCL1 (secreted protein acid rich in cysteinelike 1) or hevin is also down regulated in orbital tissue affected by GPA.
DISCUSSION
To our knowledge, this report is the first analysis of gene expression in biopsies from patients with GPA and the first report to suggest that many patients with what was once called orbital pseudotumor actually have a limited form of GPA. The analysis of gene expression strongly supports the hypothesis that NSOI is a collection of diseases with the gene expression profile often overlapping with other known entities, namely TED, sarcoidosis, or most commonly GPA.
Gene expression profiling is providing insights into other inflammatory diseases. [27] For example, gene expression profiling from peripheral blood indicates that a subset of patients with systemic lupus erythematosus express several genes regulated by type I interferons. [28] Analysis of transcripts from solid tissue has been applied to eosinophilic esophagitis [29] and giant cell myocarditis. [30] Synovium from rheumatoid arthritis, spondyloarthritis, or osteoarthritis displays distinct patterns of mRNA or protein expression. [31, 32] This study shows that a form of nonspecific inflammation can be classified on the basis of gene expression.
Our data indicate that GPA and sarcoidosis gene expression can be distinguished, but many of the tissues from subjects with NSOI have a gene expression profile indistinguishable from GPA. We did not detect a positive ANCA among these subjects with NSOI. Even among patients who are eventually diagnosed with GPA, biopsy of certain tissue sites such as the orbit, sinus, nasal mucosa, or subglottis provides definitive diagnostic information in a minority of cases. [1] [2] [3] [4] [5] We reported that an algorithm based on our data is more accurate than histopathology at identifying the cause of orbital inflammation. [33] We predict that molecular diagnosis will enhance the ability to diagnose GPA in mucosal sites.
Our sample population was adequate to analyze potential confounders including age, gender, disease duration, and use of corticosteroids. None of these factors could account for our findings (data not shown.)
Our report has limitations. Although we analyzed 83 tissues, they were divided among 5 separate conditions so that the diagnosis of GPA is represented by only six biopsies. The sample size, however, still allowed us to divide tissues into a discovery and validation set to demonstrate consistency in our findings. The GPA sample size was adequate to distinguish GPA clearly from sarcoidosis, TED, or controls, but not from NSOI. Furthermore, our tissue observations correlated with independent results reported for leukocytes [24, 25] or nasal brushings [26] . In addition, the upregulated transcripts which we detect are predominantly related to inflammation or response to infection. The transcripts identified by our study and previous analyses of RNA expression including TLR2 and SLC11 are especially intriguing. Many believe that bacteria such as Staphylococcus aureus act as a trigger for GPA. [34] Accordingly, the up regulation of TLR2, a receptor that recognizes bacterial cell wall, can easily be related to pathogenesis. Similarly SLC11, a molecule that transports iron, is also involved in host response to infection. [35, 36] Both our study and the report on nasal brushings from patients with GPA [26] found SPARCL1 to be down regulated. SPARCL1 deficiency has been implicated in cancer growth [37] and in abnormal wound healing [38] , so it is easy to relate its relative lack to abnormal tissue repair.
We studied FFPE tissues. RNA in the blocks stored at room temperature degrades over time, and the quality of RNA that can be recovered decreases. Consequently we chose a cDNA synthesis protocol optimized for partially degraded RNA that would amplify relatively short sequences across the gene transcripts. We limited the duration that tissue could be stored until analysis. Still fresh tissue, frozen tissue, or an alternative fixation method might have yielded different results due to increased sensitivity. We limited our study to tissue from the orbit, which is composed mostly of adipose tissue in a healthy adult. NSOI or GPA can also affect the lacrimal gland (dacryoadenitis) and extra-ocular muscles (myositis). Additional studies are required to determine how results from the orbital adipose tissue compare to results from other sites. We did not validate individual levels of gene expression by a technique such as RT-PCR because we used a second data set for validation and because this report is based on patterns of gene expression, not on individual transcripts. Furthermore, we previously reported a correlation coefficient of >0.7 when we compared relative expression levels determined by our microarray procedure with levels obtained from quantitative RT-PCR. [39] On the basis of our experience to date, we predict that molecular profiling will eventually become a routine component in the evaluation of patients with orbital inflammatory disease. B cell depletion is now accepted as an approved form of therapy for GPA [40] , but B cell depletion is not effective in the treatment of TED. [41] We and others have noted success in treating orbital inflammatory disease with rituximab therapy. [42, 43] The pronounced increased expression of transcripts relating to immunoglobulins adds rationale to this approach to treatment.
Additional experience in analyzing gene expression from orbital tissues may allow even greater diagnostic subdivision. Transcriptional profiling cannot be recommended as a routine diagnostic test, but this approach shows promise in defining a small set of transcripts with implications for both diagnosis and choice of therapy.
CONCLUSIONS
In summary, this study has resulted in several novel findings. Gene expression profiling can distinguish the major causes of orbital inflammation. Although NSOI is a heterogeneous collection of diseases, some patients labeled as having NSOI may actually have a limited form of GPA. Immunoglobulin gene expression characterizes orbital tissue from patients with orbital GPA in comparison to healthy controls. Some of the transcripts with increased expression in orbital tissue from patients with GPA have also been reported to be increased in leukocytes or nasal brushings from patients with GPA. An extrapolation from this study is that the diagnostic yield from biopsies to assess the likelihood of GPA in several sites will be improved by analysis of the genes expressed in the biopsied tissue. In both data sets, the NSOI samples were much more heterogeneous and not clustered. The distance between points on the plots is indicative of the difference between gene expression profiles. Rotatable views of the 3-dimensional plots are in online supplemental files (Set1_PCA and Set2_PCA). C: Control; G: GPA; N: NSOI; S: Sarcoidosis; T: TED. The GPA profile differs from the sarcoidosis, TED, and control profiles. A heat map of relative transcript levels was generated by GSEA from data set 2. Expression levels in tissues from subjects with GPA were compared to levels in uninflamed control, sarcoidosis, NSOI, and TED orbital adipose samples. Probe sets were considered to indicate a significant difference between groups when their signals had at least a 1.5-fold change with a FDR adjusted p-value less than 0.05 in both sets. Shown are the numbers of unique genes identified by NIH DAVID from probe set lists for each category. Probe sets indicating increased expression of genes in orbital adipose tissues from subjects with GPA. Table 3 Probe sets indicating decreased expression of genes in orbital adipose tissues from subjects with GPA. 
